Mox-1 is a unique plasmid-mediated class C ␤-lactamase that hydrolyzes penicillins, cephalothin, and the expanded-spectrum cephalosporins cefepime and moxalactam. In order to understand the unique substrate profile of this enzyme, we determined the X-ray crystallographic structure of Mox-1 ␤-lactamase at a 1.5-Å resolution. The overall structure of Mox-1 ␤-lactamase resembles that of other AmpC enzymes, with some notable exceptions. First, comparison with other enzymes whose structures have been solved reveals significant differences in the composition of amino acids that make up the hydrogen-bonding network and the position of structural elements in the substrate-binding cavity. Second, the main-chain electron density is not observed in two regions, one containing amino acid residues 214 to 216 positioned in the ⍀ loop and the other in the N terminus of the B3 ␤-strand corresponding to amino acid residues 303 to 306. The last two observations suggest that there is significant structural flexibility of these regions, a property which may impact the recognition and binding of substrates in Mox-1. These important differences allow us to propose that the binding of moxalactam in Mox-1 is facilitated by the avoidance of steric clashes, indicating that a substrate-induced conformational change underlies the basis of the hydrolytic profile of Mox-1 ␤-lactamase.
P
roduction of ␤-lactamases (EC 3.5.2.6) that hydrolyze and inactivate ␤-lactam antibiotics is the most widespread resistance mechanism that Gram-negative bacteria use against penicillins, cephalosporins, and related ␤-lactam molecules (1) . The ␤-lactamases that confer resistance in Gram-negative bacteria are grouped into four classes (classes A, B, C, and D) on the basis of their primary structures (2) . Classes A, C, and D hydrolyze ␤-lactams using an active-site serine residue; class B enzymes are metallo-␤-lactamases that employ one or two Zn 2ϩ molecules in the active site to inactivate ␤-lactams. The former serine-based enzymes hydrolyze ␤-lactams using a two-step mechanism that includes the formation of an acyl enzyme. The class B ␤-lactamases inactivate ␤-lactams through a noncovalent pathway.
Class C ␤-lactamases are widely distributed among many bacteria and show increased catalytic efficiency toward certain cephalosporins. This catalytic efficiency (k cat /K m ) approaches the diffusion limit, particularly against good substrates like cephalothin (3) . In contrast, against 7-methoxy-cephalosporins (e.g., cefoxitin), the catalytic efficiency is significantly less. Importantly, class C enzymes are not inhibited by clavulanate, a mechanism-based ␤-lactamase inhibitor that is used to treat infections caused by Gram-negative bacteria (4) .
Historically known as AmpC ␤-lactamases, class C enzymes were originally regarded as strictly chromosomally encoded cephalosporinases produced by members of such genera as Enterobacter, Citrobacter, Morganella, Salmonella, Shigella, and Aeromonas and Hafnia alvei (5) . Among these bacteria, ␤-lactamase production is often induced in the presence of certain ␤-lactams and is mediated by the existence of regulatory genes, such as ampD and ampR (5, 6) . Regrettably, many plasmid-encoded class C enzymes have also been identified in the last 3 decades (7) . The widespread dissemination of these plasmid-encoded enzymes has created a significant threat to our antibiotic formulary.
Interestingly, the level of expression of plasmid-mediated class C enzymes can be higher than that of chromosomal ␤-lactamases, because of a higher gene copy number and/or a more efficient promoter for the plasmid genes (5). Promoters within elements such as ISEcp1 and ISCR1 are found upstream of ␤-lactamase genes, and in some cases, they are critical for high-level expression of ␤-lactamases (8, 9) . In some cases, such high-level production of the enzymes is combined with the loss of outer membrane proteins (porins), which lowers the permeability of the membrane to carbapenem antibiotics (10) . Many strains with plasmid-mediated class C enzymes also produce extended-spectrum ␤-lactamases (ESBLs) and often carry multiple determinants of resistance to non-␤-lactam drugs, such as aminoglycosides, chloramphenicol, sulfonamide, tetracycline, trimethoprim, and mercuric ions (7) . Taken together, these resistance factors portend the emergence of multidrug-resistant phenotypes that are creating a crisis in health care. Mox-1 is a plasmid-mediated CMY-type class C ␤-lactamase. Mox-1 was isolated from Klebsiella pneumoniae NU2936, a strain which showed resistance to expanded-spectrum cephalosporins, including moxalactam, an oxacephem that was stable to the hydrolysis by other ␤-lactamases ( Fig. 1) (11) . The primary amino acid sequence of Mox-1 suggested that this enzyme has a close evolutionary relationship with the chromosomal AmpC of Pseudomonas aeruginosa, and it was reported that these two enzymes showed similar kinetic profiles for some substrates (7, 11) . De-tailed kinetic studies showed that benzylpenicillin, cephalothin, cefcapene, and moxalactam were good substrates for Mox-1, with k cat /K m values being greater than 2.5 ϫ 10 6 M Ϫ1 s Ϫ1 , while ceftazidime and cefepime were poor substrates (12) . Clavulanic acid had no inhibitory effect, while aztreonam behaved as an inhibitor.
Compelled by these findings, we determined the X-ray crystallographic structure of the Mox-1 ␤-lactamase at a 1.5-Å resolution in order to understand the substrate profile of this enzyme. Our results revealed that unique structural features are present in Mox-1, and these give us insight into the substrate profile of this enzyme.
MATERIALS AND METHODS
Bacterial strains, plasmids, and site-directed mutagenesis. Escherichia coli strains CJ236, MV1184 (TaKaRa Bio Inc., Shiga, Japan), and BL21(DE3)/pLysS (Promega Corporation, Madison, WI) were used for site-directed mutagenesis, designing genetic constructs, and overproduction of proteins, respectively. pMTY145, a plasmid previously constructed for the expression of Mox-1 with a signal sequence (12) , was used for construction of a plasmid to express mature Mox-1 without a signal sequence. In pMTY145, the Mox-1 gene, which has an NdeI site at the 5= end and a HindIII site at the 3= end, was inserted into the multicloning site of pET-28a. This plasmid was digested with restriction enzymes NdeI and HindIII, and the 1.2-kbp fragment that was obtained, which contains the bla Mox-1 gene, was directionally inserted into the multiple-cloning region of pUC119 in the reverse direction to obtain single-strand DNA using phage M13K07 for mutagenesis by the method of Kunkel et al. (13) . An oligonucleotide primer, mox1nde (5=-CCG GTC TGG CCC ATC ATA TGG AGG CTT CAC CGG T-3=), was used to introduce a new NdeI site at the position corresponding to the cleavage site of the signal peptide (i.e., between the alanine at position 23 and the glycine at position 24). The nucleotide sequence of the mutated gene was confirmed by DNA sequencing with a Taq Dye Deoxy Terminator cycle sequencing kit and an ABI Prism 373A DNA sequencer (Applied Biosystems Inc., Foster City, CA). The plasmid with the new NdeI site was digested with NdeI and ScaI, to obtain an approximately 0.5-kbp fragment that contains the gene encoding the N-terminal half of Mox-1 without a signal sequence. This was inserted into the plasmid vector pMTY145, which was digested with the same restriction enzymes to yield pET28-Mox1⌬ss.
Expression and purification of the protein. Plasmid pET28-Mox1⌬ss was transformed into E. coli BL21(DE3)/pLysS, and protein production was performed in 100 ml of 2-YT (yeast extract and tryptone) broth supplemented with 50 g/ml of kanamycin. The cells were grown at 30°C for 8 h, and ␤-lactamase production was induced by addition of 0.1 mM IPTG (isopropyl ␤-D-1-thiogalactopyranoside) when the absorbance of the cell culture at 600 nm reached 0.4 optical density unit. The cells were harvested by centrifugation, dissolved in 6 ml of 50 mM sodium phosphate buffer (pH 7.0), and then disrupted by sonication. After centrifugation, the enzyme in the supernatant was loaded on Ni-nitrilotriacetic acid agarose (Qiagen, Hilden, Germany) equilibrated with 50 mM sodium phosphate buffer (pH 7.0) including 500 mM NaCl and eluted with a 0 to 250 mM linear imidazole gradient. The protein was subjected to desalting and buffer exchange with a Hi-Trap desalting column (GE Healthcare UK Ltd., Buckinghamshire, England) with 10 mM Tris-HCl buffer (pH 7.0). The purity of the enzyme was assessed to be more than 95% by SDSpolyacrylamide gel electrophoresis and staining of the gel with Coomassie brilliant blue.
Crystal preparation and data collection. The purified protein was concentrated to 10 mg/ml for crystallization. Crystals for X-ray analysis were grown at 16°C by the hanging-drop or sitting-drop vapor diffusion method with reservoir solutions of 20% polyethylene glycol 8000 in 100 mM sodium cacodylate buffer (pH 6.5) with 0.2 M zinc acetate. The volume of a drop was 10 l, and that of the reservoir solution in each well was 500 l. The crystals were obtained within 1 month. At data collection, the crystals were flash frozen in a liquid nitrogen stream (100 K) with 20% ethylene glycol as a cryoprotectant. X-ray diffraction data were collected at Station NE3A of the Photon Factory-AR, the High Energy Accelerator Research Organization (KEK, Ibaraki, Japan), with equal to 1.0 Å at 100 K, using an ADSC Quantum 270 charge-coupled-device (CCD) detector with 1.0°rotation for each image. The reflection was indexed, integrated, and scaled using the HKL2000 software package (14) .
Structure determination. The initial model for refinement was the structure of the CMY-10 ␤-lactamase (PDB accession number 1ZKJ) (15) . The model was subjected to molecular replacement using the Molrep program (16) in CCP4 software (17) . Subsequently, rigid body refinement, restrained refinement, and B-factor refinement were performed using the Refmac program (18) . We performed manual model building and picked water molecules with the COOT program (19) . The stereochemical quality of the model was periodically monitored with the Quality Control Check (v2.8) program developed at the Joint Center for Structural Genomics (http://smb.slac.stanford.edu/jcsg/QC).
Protein sequence accession number. The coordinate and structure factor files have been deposited in the Protein Data Bank (PDB) under accession number 3W8K. Alignment of the three-dimensional structures was generated with the DaliLite (v3) program (20) .
RESULTS AND DISCUSSION
We obtained approximately 10 mg of purified Mox-1 ␤-lactamase from 100 ml culture, and the protein was subjected to crystallization and data collection. The data collection and refinement statistics are summarized in Table 1 . X-ray diffraction data were collected to 1.38 Å, but the intensity of reflection (I) and the average intensity (͗I͘) for the highest-resolution shell showed that the intensity in this resolution range was too weak ( Table 1) . The I/͗I͘ value was 3.7 in the shell of 1.49 to 1.52 Å; thus, the data obtained at a 1.5-Å resolution were used in the refinement, and the X-ray crystallographic structure of Mox-1 was determined with an R factor of 16.2% and an R free factor of 18.8%. Only one molecule is present in the asymmetric unit. All nonglycine residues are in allowed regions of the Ramachandran plot. Electron density for the N-terminal end, the region from Asn213 to Pro214, and a loop from Glu303 to Ser306 was not observed.
Mox-1 ␤-lactamase possesses a two-domain structure (␣-helical and ␣-helical-␤-pleated sheet domains), which is common in all the structure-solved class C enzymes. The active-site serine (Ser65) rests between the two domains. Similar to all other class C enzymes, the conserved motifs in Mox-1 are Ser-X-X-Lys at residues 65 to 68, Tyr-(A/S)-Asn at residues 151 to 153, and Lys-ThrGly at residues 312 to 314 (these residues are generally numbered Crystal Structure of Mox-1 65 to 68, 150 to 152, and 315 to 317, respectively, in other enzymes). Partial structure-based alignments of Mox-1 and structure-solved class C enzymes are shown in Fig. 2 . Mox-1 shares the highest homology with CMY-10 in both the primary and tertiary structures, with the root mean square deviation (RMSD) being 0.60 Å for all atoms. For the AmpC enzyme from P. aeruginosa, a chromosomal enzyme closest to Mox-1 in amino acid sequence (56% identity) (21), the RMSD with the Mox-1 structure was 2.24 Å. Among the enzymes whose kinetic properties have been studied, the AmpC ␤-lactamase from Enterobacter cloacae P99 is the most similar to Mox-1 in amino acid sequence with 45% identity, and the RMSD is 3.03 Å. The RMSD value between Mox-1 and an extended-spectrum enzyme (GC1) from E. cloacae (45% identical in primary sequence) was 3.29 Å. GC1 is 98% identical to P99, and it was reported that GC1 acquired its extended substrate specificity by the insertion of 3 amino acids in the ⍀ loop (22) . The large RMSD suggests that the extended-spectrum ␤-lactamase activity is different between Mox-1 and GC1.
Active-site topology. The active site resides in the cavity between two domains. The electron density map shows modification of the catalytic serine residue. From the shape of the observed density, the active-site Ser is likely to be phosphorylated (Fig. 3A) . The modification seems to be partial, and occupancy of the phosphate in the model has been set to 0.70. The position of this modified serine residue overlaps that of the active-site serine of the P99 enzyme bound to the phosphonate monoester inhibitor (23) . No special reagents for phosphorylation were added throughout the expression, purification, and crystallization of Mox-1, except that sodium phosphate buffer was used in the first step of purification. The density is fairly clear, but the modification is not confirmed by another analytic method at this moment, leaving the possibility that it is a temporary, pseudomodification.
The hydrogen-bonding network in the active site of Mox-1 is depicted in Fig. 3A . As a whole, the network is well conserved in all the structure-solved class C enzymes. A unique feature observed in Mox-1 is the participation of the side chain of Asn287 and the main-chain O atom of Gly286 in this network. They are hydrogen bonded to water molecules that are assigned in the R2 site of the substrate-binding cavity with a low B-factor value. These hydrogen bonds are also observed in the structures of CMY-10 and AmpC from P. aeruginosa, which have an Asn residue at the corresponding position. No such interaction is observed in P99 and the AmpC from E. coli, in which a Ser residue occupies the position corresponding to Asn287 in Mox-1 (Fig. 2) . The position of ␣-helix H10, on which these residues are positioned, is significantly different among the enzymes. In Mox-1 and CMY-10, the H10 helix shifts to be more apart from the catalytic serine than that of P99 and GC1 and the AmpC from E. coli. ␣-Helix H10 of the AmpC from P. aeruginosa is observed to be somewhere between these two groups (Fig. 3B) . Another feature related to the hydrogen-bonding network was also observed in the R2 site. In the active site of the P99 ␤-lactamase, Ser289 and Asn346 are hydrogen bonded to the water molecules that are assigned in the vicinity of the catalytic serine residue. In Mox-1, these residues are replaced by hydrophobic amino acids, Ala289 and Ile343, respectively (Fig. 3B) . Such a replacement by hydrophobic residues is also observed in CMY-10. These residues are exposed to the substrate-binding cavity, so their substitution may affect the interaction with ␤-lactam antibiotics, especially with their R2 groups (Fig. 3B) . The structural features mentioned here may give an extended substrate profile to Mox-1 and CMY-10, though it is difficult to discuss the similarity and/or difference of their kinetic properties precisely on the basis of a comparison of their structures, since kinetic data for CMY-10 are limited.
Structural mobility of the ⍀ and B2g-B3 loops. In our structural analysis, the electron density was not clear for several side chains, which are often exposed to the solvent, and also for some main-chain atoms. A significant disruption of electron density was observed in two notable regions. The first region was residues Asn214 and Pro215; these residues are positioned in the ⍀ loop, which is at the bottom of the active-site cleft and is an important region for the binding of the ␤-lactam R1 side chain (Fig. 3B) . The second area where the electron density was unclear involved residues Glu303 to Ser306. This region is exposed to the solvent on the surface of the protein, and it is a part of a loop that connects two ␤-strands, the so-called B2g and B3 loops ( Fig. 2 and 4) .
In Mox-1, the B factors for these two disrupted regions were considerably larger than average. The B factor of the ⍀ loop, which includes the first disrupted region of Mox-1, was very large in all the structures of class C enzymes, including Mox-1. In the ⍀ loop of Mox-1, electron density for Asn214 and Pro215 was not observed, and the B factor was very large in residues Lys206 to Gly216. The B factor of the same regions was exceptionally large in GC1, which has an insertion of 3 residues. For the area including the second disrupted region in Mox-1, the high peak of the B factor was observed in residues Ala300 to Gln307 in Mox-1 and also in the corresponding region in CMY-10 and AmpC from P. aeruginosa but not in P99, GC1, or the AmpC from E. coli. In the latter group of enzymes, residues 276 to 291 possess a large B factor; this area includes ␣-helix ␣10. As described above, the side chain of Asn287 and the main-chain O atom of Gly286 participate in the hydrogen-bonding network of the active-site cavity in Mox-1, CMY-10, and AmpC from P. aeruginosa. Immobilization of ␣-helix ⌯10 with these hydrogen bonds lowers the B factor of this region in these enzymes. Mox-1 and CMY-10 are ESBLs, and the AmpC from P. aeruginosa is known to have kinetic properties similar to those of Mox-1 (11). These observations allow us to hypothesize that the unique B-factor pattern represents the flexibility/mobility of this region and might explain the substrate specificity in these enzymes. The mobility of the B3 strand may also be affected; this strand resides on the C-terminal side of this loop and constitutes one wall of the active site. These structural features might give Mox-1 a preferred disposition of structural elements in the substrate-binding cavity and/or the flexibility necessary for conformational changes when substrates bind to the active site, resulting in greater hydrolytic activity toward moxalactam than other enzymes. In contrast to the kinetic behavior of the P99 ␤-lactamase against moxalactam (24) , such a structural change may result in significant increases of the k cat and k cat /K m values in Mox-1.
Insights into the mechanism to hydrolyze moxalactam. We undertook the analysis of the crystal structure of Mox-1 to increase our understanding of the mechanistic basis of its unique properties. Previous studies showed that moxalactam is a fairly good substrate for Mox-1, but it is an inhibitor of the E. coli AmpC enzyme (24) . In contrast, cephalothin, whose structure is shown in Fig. 1, is effectively hydrolyzed by Mox-1, E. coli AmpC, and other class C enzymes (12, 24, 25) . Why does this occur?
Structural analysis of the E. coli AmpC complexed with cephalothin shows that the ligand undergoes a significant conformational change as the reaction progresses. That is, the six-membered dihydrothiazine ring of cephalothin rotates around the C-6OC-7 bond so that its carboxylate is 109°from its original position (26) . Such rotation of the ligand side seems to be common in the acylation step in class C enzymes. One of the main distinguishing characteristics of moxalactam is the existence of a 7␣-methoxy group. In the E. coli AmpC structure, this methoxy group comes near O-␦1 of Asn152 (Asn153 in Mox-1). The methoxy group causes additional rotation along the C-7OC-8 bond to relieve the steric conflict between them, resulting in the displacement of C-4 COOH group and deacylating water (25) .
In Fig. 5 , we compare the crystal structure of Mox-1 with that of E. coli AmpC ␤-lactamase complexed with moxalactam (PDB accession number 1FCO). E. coli AmpC is the only enzyme whose crystal structure has been solved in complex with moxalactam.
Comparison of these two enzymes shows a significant shift of structural elements that compose the active-site cleft (Fig. 5) . In Mox-1, a loop composed of residues 112 to 128, which composes a part of the R1 binding site, is farther from the ⍀ loop. C-␣ of Glu124 in Mox-1 shifts 2.77 Å from its corresponding atom in E. coli AmpC (C-␣ of Asp120). The H10 helix, an ␣-helix composed of residues 289 to 293, is on the R2 binding site side, and it also shifts to widen the R2 binding space. The C-␣ of Ala289 in Mox-1 moves away from its corresponding atom in E. coli AmpC (C-␣ of Asn286) by 2.31 Å. Consequently, Mox-1 has more space in the substrate-binding site than the AmpC enzyme, and it makes substrate rotation more facile or the deposition of deacylating water molecules possible.
A true understanding of the catalytic and structural properties of given class C ␤-lactamases requires the integration of microbiological, kinetic, and atomic analyses. Taken together, these efforts advance our ability to design more effective ␤-lactams and ␤-lactamase inhibitors. Mox-1 is a unique class C enzyme whose three-dimensional structure is presented herein. Our comparison of Mox-1 with other enzymes whose structures have been solved revealed the difference in the hydrogen-bonding network. We also observed that the main-chain electron density in two regions (the ⍀ loop and residues 303 to 306) suggests that there is significant structural flexibility in these regions and possibly a higher mobility of the neighboring structural elements. This active site allows moxalactam to bind in the proper orientation and to undergo the conformational change necessary for hydrolysis. The results from this study propose an explanation for why moxalactam is hydrolyzed by Mox-1. However, since data regarding the detailed kinetic study of class C enzymes are limited, further kinetic analyses and exploration of inhibitors are awaited to understand the importance of the residues and/or structural features mentioned in to 306 of Mox-1 is shown in green, and the corresponding regions of CMY-10, AmpC from P. aeruginosa, and P99 are shown in cyan, magenta, and pale pink, respectively, on the molecular surface of Mox-1. The disordered region is indicated with a dotted line and black arrow. The active-site cavity is shown with a red arrow. this article. Knowledge derived from this analysis adds to our growing understanding of how novel ␤-lactams with activity against class C ␤-lactamases should be designed.
